A library of 24 6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxamides 10{1,2; 1-12} was prepared by a parallel solution-phase approach. The synthesis comprises a five-step transformation of itaconic acid (11) into 1-methyl and 1-phenyl substituted 6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxylic acids 17{1,2} followed by parallel amidation of 17{1,2} with a series of 12 aliphatic amines 18{1-12} to afford the corresponding carboxamides 10 in good overall yields and in 80-100% purity.
Introduction
2-[(Hetero)aryl]ethylamines, such as dopamine, histamine, tryptamine, serotonin, and melatonin are representative chemical messengers playing a crucial role in biological processes [1] . Therefore, the preparation of libraries of their novel synthetic analogues is of particular interest and represents an important target in medicinal [2] [3] [4] [5] , synthetic organic, and combinatorial chemistry [6] [7] [8] [9] [10] .
In the last two decades, alkyl 2-substituted 3-(dimethylamino)prop-2-enoates and related enaminones have proven to be easily available and versatile reagents for the preparation of various functionalized heterocycles [11] [12] [13] [14] [15] . Recently, a part of our research in this field has been focused on the synthesis of aminoethyl functionalized heterocycles. In this context, we first reported the synthesis OPEN ACCESS of non-racemic 1-heteroaryl-2-phenylethylamines 1-3 from α-amino acid derived enaminoketones [16] . Further, the syntheses of the pyrazole analogues of histamine were developed: 2-aminoethyl substituted 1H-pyrazole derivatives 4-6 as the open-chain analogues [17] [18] [19] [20] and 6,7-dihydro-1H-pyrazolo [4,3-c] pyridin-4(5H)-one derivatives 7 [21] , 5-(2-aminophenyl)pyrazole derivatives 8 [22] , and 5-(5-oxo-1-phenylpyrrolidin-3-yl)-1H-pyrazole-4-carboxamides 9 [23] as the conformationally constrained analogues of histamine. In continuation, we have focused our attention on 2-substituted 6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxamides 10 ( Figure 1 ). Herein, we report a parallel solution-phase synthesis of a library of 24 6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxamides 10{1,2; 1-12} as novel 2-heteroarylethylamine derivatives.
Results and Discussion

Synthesis of Title Compounds 10
First, the starting compound 12 was prepared from commercially available itaconic acid (11) and aniline following the literature procedure [24] . Transformation of 12 into the enaminone 14 as the first key intermediate was performed following the literature protocol [23] : Masamune-Claisen condensation of 12 with 1,1'-carbonyldiimidazole (CDI) as activating agent in anhydrous acetonitrile at room temperature gave the β-keto ester 13, which when treated with N,N-dimethylformamide dimethylacetal (DMFDMA) in refluxing toluene gave the enaminone intermediate 14. Subsequent cyclisation of 14 with acetamidine 15{1} and benzamidine 15{2} afforded methyl 4-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxylates 16{1} and 16{2} in 50% and 65% yield, respectively. Finally, hydrolysis of 16{1} and 16{2} with 1 M aqueous NaOH in a mixture of methanol and THF at room temperature furnished the corresponding carboxylic acids 17{1} and 17{2} in 86% and 92% yield, respectively (Scheme 1).
Scheme 1. Synthesis of 4-(5-Oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxylic Acids 17{1,2}.
With the desired carboxylic acids 17{1,2} as the key-intermediates in our hands, a parallel solution-phase synthesis of 2-substituted 6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxamides 10 was studied. We supposed that the reaction conditions for the parallel amidation step as well as the workup protocol should be similar to those employed in the synthesis of closely related pyrazole analogues 9 [23] . Accordingly, bis(pentafluorophenyl) carbonate BPC was chosen as the reagent for activation of the carboxylic acids 17 and acetonitrile as the solvent. Preliminary amidations of 17{1,2} with benzylamine (18{3}) as the model primary amine proceeded smoothly to furnish the desired N-benzylcarboxamides 17{1; 3} and 17{2; 3}, which precipitated from the reaction mixtures and were isolated by filtration. Somewhat surprisingly, analogous amidations of 17{1,2} with diethylamine (18{8}) did not proceed to completion unless excess diethylamine (18{8}) was employed. The corresponding carboxamides 17{1; 8} and 17{2; 8} did not precipitate from the reaction mixtures and were isolated by evaporation of the reaction mixtures followed by purification by dry flash column chromatography (DFCC) [25, 26] over aluminium oxide [27] . Consequently, the following procedure for parallel amidation was applied: the acids 17{1,2} were activated with triethylamine and bis(pentafluorophenyl) carbonate (BPC) in acetonitrile at room temperature to give the intermediate pentafluorophenyl esters 19{1,2}, which were subsequently treated with 1 equiv. of primary amines 18{1-7} or with 10 equiv. of secondary amines 18{8-12} at room temperature for 12 h. Nine products that precipitated from the reaction mixtures were isolated by filtration to afford carboxamides 10{1; 3,4} and 10{2; 1-7} in 28-100% yields and in 84-100% purity (Workup A). The rest of the products, which did not precipitate from the reaction mixtures, were isolated by evaporation of the reaction mixtures followed by purification of the residues by DFCC over aluminium oxide, and evaporation of the eluates to give compounds 10{1; 1,2,5-12} and 10{2; 8-12} in 40-100% yields and in 80-100% purity (Workup B). In this manner, all 24 carboxamides 10{1,2; 1-12} were successfully obtained in 18-100% yields and in 80-100% purity. Out of 24 library members, 17 were ≥95% pure and 7 were ≥80% pure (Scheme 2, Table 1 ). Scheme 2. Parallel synthesis of 6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxamides 10. 
Structure Determination
The structures and purities of novel compounds 10{1,2; 1-12}, 16{1,2}, and 17{1,2} were determined by spectroscopic methods (IR,   1   H-NMR and   13 C-NMR, MS, HRMS), by LC-MS, and by elemental analyses for C, H, and N. Spectral and analytical data for novel compounds 10{1,2; 1-12}, 16{1,2}, and 17{1,2} were in agreement with the proposed structures. Correlation of NMR data for compounds 10{1,2; 1-12}, 16{1,2}, and 17{1,2} revealed very good agreement of chemical shifts and coupling constants for the core nuclei (Table 2) .
Since the products 10{1,2; 1-12} were isolated as racemic mixtures [28] , we also tried to find suitable conditions for separation of the enantiomers of compounds 10 by HPLC using analytical chiral stationary phase column Chiralcel ® OD-H (0.46 cm × 25 cm) and n-hexane/isopropanol as mobile phase. To our pleasant surprise, all 24 racemic compounds were resolved under these conditions. Most probably, the results obtained on analytical column should be applicable in (semi)preparative separation of enantiomers of 10{1,2; 1−12}, while these separation conditions could also serve as a important information for separation of analogous racemic compounds (Table 3) .
Finally, some physicochemical properties of compounds 10{1,2; 1-12} were calculated to estimate their drug-likeness. The compounds have molecular weight (MW) between 160 and 500, number of atoms between 20 and 70, CLogP between -0.4 and 5.6, number of hydrogen bond donors (HBD) ≤ 5, number of hydrogen bond acceptors (HBA) ≤ 10, and polar surface area (PSA) bellow 140 Ǻ 2 [29, 30] . These calculated physicochemical properties compliant with Lipinski's rule of five indicate promising drug-likeness of the synthesized compounds 10{1,2; 1-12} (Table 4) . For LC-MS/MS experiments, liquid chromatograph Perkin Elmer Series 200 from Perkin Elmer (Shelton, CT, USA) with UV detector and 3200 QTRAP LC/MS/MS System equipped with ESI and APCI ion sources from Applied Biosystems/MDS Sciex (Foster City, CA, USA) were used. HPLC column was Gemini, dimensions 150 mm × 4.6 mm, 3 m particles from Phenomenex (Torrance, CA, USA). Mobile phase was a gradient of acetonitrile (A) and deionised water (B): 0 min-10% A, 25 min-100% A, 3 min equilibration time with initial mobile phase (10% A) was allowed for column equilibration. Mobile phase flow was 1 mL/min. Injection volume was 20 L. Signal was recorded using UV detector at 254 nm and mass spectra were recorded using positive (ESI+) and negative (ESI−) ionization mode simultaneously. Mass range was from 70 to 500 amu. Electrospray ion source (ESI) conditions were as follows: cone voltage 5500 V (ESI+) and −4500 V (ESI−), respectively, ion source temperature 4,000 °C, curtain gas N 2 pressure was set to 10 psi, nebulizer gas N 2 pressure was set to 20 psi and turbo gas (air) pressure was set to 40 psi. Declustering potential 30 V and entrance potential 10 V was used, respectively.
Itaconic acid (11), 1,1'-carbonyldiimidazole, N,N-dimethylformamide dimethylacetal (DMFDMA), acetamidine hydrochloride 15{1}, benzamidine 15{2}, bis(pentafluorophenyl) carbonate (BPC), and amines 18{1-12} are commercially available (Sigma-Aldrich). 5-Oxo-1-phenylpyrrolidin-3-carboxylic acid (12) [24] and methyl 3-oxo-3-(5-oxo-1-phenylpyrrolidin-3-yl)propanoate (13) (14) This compound was prepared according to a slightly modified literature procedure [23] . A mixture of β-keto ester 13 [23] (5.2 g, 20 mmol), anhydrous toluene (20 mL), and DMFDMA (2.8 g, 3 mL, 20 mmol) was stirred at 60 °C for 3 h. Volatile components were evaporated in vacuo to give the crude 14 as a yellow oil in quantitative yield.
Synthesis of Methyl 3-(Dimethylamino)-2-(5-oxo-1-phenylpyrrolidine-3-carbonyl)acrylate
Synthesis of Methyl 2-Methyl-6-(5-Oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxylate (16{1})
Cold (0 °C) solution of t-BuOK (2.3 g, 20 mmol) in anhydrous methanol (20 mL) was added to a cold (0 °C) solution of acetamidine hydrochloride (15{1}, 1.9 g, 20 mmol) in methanol (20 mL) and the mixture was stirred at 0 °C for 5 min. The suspension was filtered with suction through a fritted funnel and the precipitated KCl was washed with anhydrous methanol (2 × 10 mL) to afford a solution of the free acetamidine 15{1} (20 mmol) in methanol. This was added to a solution of the crude enaminone 13 (20 mmol) in methanol (100 mL) and the mixture was stirred at room temperature for 18 h. The precipitate was collected by filtration, and washed with methanol (2 × 10 mL) to give 16{1}. Yield: 3.2 g (50%) of white solid; m.p. 131-133 °C. 
Synthesis of Methyl 6-(5-Oxo-1-phenylpyrrolidin-3-yl)-2-phenylpyrimidine-5-carboxylate (16{2})
Benzamidine 15{2} (2.4 g, 20 mmol) was added to a solution of the crude enaminone 14 (20 mmol) in anhydrous methanol (100 mL) and the mixture was stirred at room temperature for 72 h. The precipitate was collected by filtration, and washed with methanol (2 × 30 mL) to give 16{2}. Yield: 4.9 g (65%) of white solid; m.p. 146-147 °C. 
Synthesis of 2-Methyl-6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxylic Acid (17{1})
A mixture of the ester 16 (13 mmol), 1 M aqueous NaOH (30 mL), methanol (30 mL), and THF (30 mL) was stirred at room temperature for 5 h. Methanol and THF were removed by evaporation in vacuo (35 °C, 100 mbar), the aqueous residue was acidified with concentrated hydrochloric acid to pH ~1, and the product was extracted with dichloromethane (4 × 200 mL). The combined organic phases were dried over anhydrous Na 2 SO 4 , filtered, and the filtrate was evaporated in vacuo to give 17{1}. Yield: 3.33 g (86%) of a pale yellow solid; m.p. 70-82 °C. 
Synthesis of 6-(5-Oxo-1-phenylpyrrolidin-3-yl)-2-phenylpyrimidine-5-carboxylic Acid (17{2})
A mixture of the ester 16 (13 mmol), 1 M aqueous NaOH (30 mL), methanol (30 mL), and THF (30 mL) was stirred at room temperature for 5 h. Methanol and THF were removed by evaporation in vacuo (35 °C, 100 mbar) and the aqueous residue was acidified with concentrated hydrochloric acid to pH ~1. The precipitate was collected by filtration to give 17{2}. Yield: 4.34 g (92%) of a pale yellow solid; m.p. 251-253 °C. 
Parallel Synthesis of 2-Substituted 6-(5-Oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxamides 10{1,2; 1-12}
Two MiniBlocks TM were equipped with 12 fritted vessels each and mounted on a compact stirring and washing station. The reaction vessels were charged with carboxylic acids 17{1} (12 × 149 mg, 12 × 0.5 mmol) and 17{2} (12 × 180 mg, 12 × 0.5 mmol), anhydrous acetonitrile (24 × 5 mL), BPC (24 × 236 mg, 24 × 0.6 mmol), and triethylamine (24 × 0.14 mL, 24 × 1 mmol) and the mixtures were stirred at room temperature for 30 min. Then, the amines 18{1-7} (2 × 12 × 0.5 mmol) and amines 18{8-12} (2 × 4 × 5 mmol) were added and stirring at room temperature was continued for 12 h. The reaction mixtures were filtered to afford 10{1; 3,4} and 10{2; 1-7} (Workup A). The filtrates containing the products 10{1; 1,2,5-12} and 10{2; 8-12} were evaporated in vacuo (40 °C/2 mbar) and the residues (resins) were dissolved in dichloromethane (15 × 2.5 mL) and purified sequentially by DFCC over aluminium oxide (5 
N-Cyclohexyl-2-methyl-6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxamide (10{1; 2})
Prepared from 17{1} and (cyclohexylamine 18{2}), workup B. Yield: 228 mg (69%) of yellow-brown resin. N-(2-Methoxyethyl)-2-methyl-6-(5-oxo-1-phenylpyrrolidin-3-yl) 
N-(3-Hydroxypropyl)-2-methyl-6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxamide (10{1; 5})
Prepared from 17{1} and 3-amino-1-propanol (18{5}), workup B. Yield: 205 mg (94%) of yellow-brown resin. 
N-(3-Dimethylaminopropyl)-2-methyl-6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxamide (10{1; 6})
Prepared from 17{1} and 3-(dimethylamino)propylamine (18{6}), workup B. Yield: 115 mg (40%) of yellow resin. 
2-Methyl-6-(5-oxo-1-phenylpyrrolidin-3-yl)-N-((pyridin-2-yl)methyl)pyrimidine-5-carboxamide (10{1; 7})
Prepared from 17{1} and 2-picolylamine (18{7}), workup B. Yield: 214 mg (76%) of yellow-brown resin. 
N,N-(Diethyl)-2-methyl-6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxamide (10{1; 8})
Prepared from 17{1} and diethylamine (18{8}), workup B. Yield: 219 mg (100%) of yellow resin. 
2-Methyl-6-(5-oxo-1-phenylpyrrolidin-3-yl)-N-(pyrrolidin-1-yl)pyrimidine-5-carboxamide (10{1; 9})
Prepared from 17{1} and pyrrolidine (18{9}), workup B. Yield: 205 mg (79%) of yellow resin. (5-oxo-1-phenylpyrrolidin-3-yl)-N-(piperidin-1-yl) 
2-Methyl-6-(5-oxo-1-phenylpyrrolidin-3-yl)-N-(morpholin-4-yl)pyrimidine-5-carboxamide (10{1; 11})
Prepared from 17{1} and morpholine (18{11}), workup B. Yield: 228 mg (99%) of yellow resin. 
2-Methyl-6-(5-oxo-1-phenylpyrrolidin-3-yl)-N-(4-methylpiperazin-1-yl)pyrimidine-5-carboxamide (10{1; 12})
Prepared from 17{1} and 4-methylpiperazine (18{12}), workup B. Yield: 203 mg (100%) of yellow resin. -1-phenylpyrrolidin-3-yl)-N-pentyl-1-phenylpyrimidine-5-carboxamide (10{2; 1}) Prepared from 17{2} and 1-pentylamine (18{1}), workup A. Yield: 214 mg (100%) of white solid; m.p. 122-126 °C. 
N-Cyclohexyl-6-(5-oxo-1-phenylpyrrolidin-3-yl)-2-phenylpyrimidine-5-carboxamide (10{2; 2})
Prepared from 17{2} and cyclohexylamine (18{2}), workup A. Yield: 225 mg (100%) of white solid; m.p. 196-199 °C. 
6-(5-Oxo-1-phenylpyrrolidin-3-yl)-2-phenyl-N-(piperidin-1-yl)pyrimidine-5-carboxamide (10{2; 10})
Prepared from 17{2} and piperidine (18{10}), workup B. Yield: 214 mg (100%) of yellow resin. 
Conclusions
2-Substituted 6-(5-oxo-1-phenylpyrrolidin-3-yl)pyrimidine-5-carboxamides 10 as a novel type of conformationally constrained 2-(heteroaryl)ethylamines are available in six-steps from itaconic acid (11) . The synthetic pathway consists of two parts: (a) a five-step preparation of pyrimidine-5-carboxylic acids 17{1,2} as the key-intermediates and (b) combinatorial solution-phase BPC-mediated amidation of 17{1,2} with primary and secondary amines 18{1-12} to give the title compounds 10{1,2; 1-12} in good overall yields and purity upon simple workup. The method is general and substrate-independent. All 24 amidations proceeded smoothly and no major differences in reactivity was observed with respect to the C(2) substituent in the pyrimidine-5-carboxylic acids 17. On the other hand, the secondary amines 18{8-12} were less reactive in these amidations than the primary amines 18{1-7}. Consequently, a 10-fold excess of secondary amines 18{8-12} was employed in order to assure completion of the amidation reaction. Besides, preparation of the 2-chloro analogue of 16, e.g., by treatment of 14 with methyl carbamimidate followed by demethylation and chlorination, would enable functionalization at position 2 in the pyrimidine ring, either by S N Ar reaction, or by cross-coupling reaction. These results also indicate that the above synthetic method could serve as a useful tool for the preparation of novel compound libraries for pharmaceutical and other practical applications.
